Abstract: Polytetrafluoroethylene (PTFE) chemically repels water droplets due to the nature of fluorine substituents. This paper presents an experimental study on the impact of PTFE particle size and temperature on the hydrophobicity of a surface. The present study analyzes hydrophobicity due to both the chemical properties of PTFE and the microstructure created by PTFE particles. Herein, studies of the contact angle and the sliding angle of these surfaces are described in supercooled-water conditions ranging from −10 to 0 • C. From the equations governing the surface tension and sliding angle of a droplet on a superhydrophobic surface, it is found that particle size has a much greater effect on hydrophobicity than temperature. An increase in the PTFE particle size greatly reduces the sliding angle, which indicates a lower amount of energy required to remove the droplet from the surface.
Introduction
A functional chemical surface has a wide variety of applications including self-cleaning surfaces, drag reduction on ships, and anti-icing technology by repelling supercooled water droplets [1] [2] [3] . The most effective hydrophobic surfaces found in nature are created using a microstructure, such as that in butterfly wings or the surfaces of lotus plants, and it has been shown that varying the microstructure of such a coating can modify the hydrophobicity of a surface, as well as the wetting properties [4] [5] [6] . The two extreme conditions for microstructure wetting are the Wenzel state, where the microstructure is filled with fluid, and the Cassie-Baxter state, where fluid is pinned on the entrance and exit corners of the microstructure [7] [8] [9] . Previous studies have shown that a microstructure comprised of spherical polytetrafluoroethylene (PTFE) nanoparticles is able to produce a superhydrophobic surface, with contact angles greater than 140 • [10, 11] such as the surface shown in Figure 1 . PTFE coatings can be applied to virtually any surface, including metals, wood, and plastics either by electrolytic coating or by mixing PTFE particles with a polymer [12] [13] [14] [15] .
Because of the nature of PTFE particles, it was assumed that the state of all PTFE coating surfaces was dominated by the Cassie-Baxter state. In this state, the majority of the contact between the fluid and the coating surface is at the liquid-gas interface [8] . Modifying the size of the PTFE particle in a superhydrophobic coating will change the number and size of these interfaces. A larger particle size will force the droplet to stretch over a larger gap and create fewer liquid-gas interfaces. However, at this interface, the contact angle of a fluid droplet is determined primarily by the ambient pressure, the mass of the fluid droplet, and the molecular structure of the compound [16, 17] , not necessarily the size of the interface, and so the effect of particle size on contact angle is unclear. Contact angle is not the only way to measure the hydrophobicity of a surface. Sliding angle measures the force required to remove a droplet from a surface [14] . This angle, regardless of wetting conditions, is a direct measure of the amount of energy required to remove a droplet from a surface, which can be influenced by the size of PTFE particles. Thus, to accurately measure the effect of PTFE particle size on hydrophobicity, sliding and contact angles must be measured. This study focuses primarily on supercooled conditions, which encompass a large range of temperatures. Because the properties of the liquid-gas interface, as well as water properties can be influenced by fluid temperature [14] , it is necessary to evaluate the hydrophobicity of surfaces over a wide temperature range. Morita and Sakaue [14] have developed a method for the characterization of the hydrophobicity of a surface using both static and dynamic testing. The static test relies on the contact angle of a droplet, while the dynamic test relies on the sliding angle. Herein, both evaluations are used to determine the effects of temperature and PTFE particle size on the hydrophobicity of a surface.
Methods and Experiment
Figure 2 schematically describes the theoretical wetted area for a water droplet on a PTFE surface under the Cassie-Baxter wetting condition. The water contact ratio is shown in Equations (1) and (2), where A s is the contact ratio, n is the number of contact areas between a PTFE particle and fluid droplet, ds is the contact area between the droplet and the PTFE particle, and r p is the PTFE particle radius.
If a water droplet is assumed to have infinitesimal thickness dw, it can be modeled as a twodimensional droplet contacting a superhydrophobic surface (Figure 3 ). The surface tension of the coating surface, γ S , the surface tension from the supercooled water droplet, γ L , and interfacial tension, γ SL , are acting on the surface. All other external forces acting on the droplet can be included in net force, F. The contact angle, θ can be found by setting the net force acting on the droplet equal to 0. At the boundary points 1 and 2, where the gas, liquid, and solid phases exist, Equation (3) can be derived [14] . 
Static-Evaluation Method
The static-evaluation method describes the hydrophobicity of a coating, where there is no external force acting on the coating: F = 0. A supercooled-water droplet can be considered as stationary on the coating surface. In this case, the contact angle at both edges of the droplet is the same and can be measured as a function of the work needed to remove the droplet, W, and the surface tension γ L , shown in Equation (4). The predicted measured contact angle, θ meas , is shown in Equation (5) [14] where W is the work of adhesion to the surface, and A s is the area of interaction between the fluid and the solid surface.
Here, γ L is shown as a function of temperature of the supercooled droplet, T, and critical temperature of water, T c . While the terms containing the critical temperature of water will be very small due to the high critical temperature of water, there is still a temperature dependency that must be investigated. Coefficients B, b, and µ are given from the IAPWS model, which are 235.8, −0.625, and 1.256 mN·m −1 , respectively [18] .
Dynamic-Evaluation Method
In contrast to the static-evaluation method, the dynamic-evaluation method uses an applied force to measure the amount of energy required to remove a droplet from a surface. This force is applied by tilting the surface and allowing the component of gravity parallel to the surface pull on the droplet. In this way, the force on the droplet can be related to the angle at which the surface is tilted. A diagram of the experimental setup with the components of gravity normal and parallel to the solid surface is shown in Figure 4 . The angle at which the droplet rolls off the surface, or sliding angle β, is shown in Equation (6) [14] :
Here, β = 0 when θ A = θ R . In this case, when the sliding angle is equal to 0, no energy is required to remove a supercooled-water droplet removed from a hydrophobic surface. A lower β indicates a better anti-icing coating, as it implies a lower force necessary to remove the droplet. There is a temperature dependency similar to the one seen in the contact angle equation, but it is multiplied by factors related to the force due to gravity and the difference between advancing and receding contact angles. However, as in the static-evaluation test, the terms containing the temperature dependency will still be small due to the high critical temperature of water. 
Coating Surface and Experimental Setup
Four different coatings were tested with PTFE particle diameters of 1, 5, 10, and 20 µm. These particle diameter sizes were provided by the manufacturer. The particles were also run through a fine mesh to ensure better uniformity in particle size. Scanning electron microscope images of these coatings are shown in Figure 5 . Each coating was created by mixing the PTFE particles with a methyl silicone oligomer hardener and hydrofluoroether, a fluorinated solvent, and then applied to a 5 mm × 5 mm aluminum plate via an air paint spray gun.
Both the static contact angles and the sliding angles for the various coatings were measured in a temperature-controlled room under supercooled conditions ( Figure 6 ). The temperature was varied from −10 to 0 • C to study conditions where supercooled droplet freezing occurs. An 11 µL droplet of supercooled water was applied on the aluminum plate using a syringe. The angles were determined from image acquisition software from a digital camera. For the static test, the contact angle measurements were taken once the droplet had reached a steady-state position. These angles were measures using Famas analysis software. For the dynamic evaluation, the coated plate was angled after the droplet was applied. Images of the droplet were taken while the plate was rotated until the droplet began to roll on the plate. The frame rate for the camera was 500 frames per second. The angle measurement for both the static and dynamic tests was performed 10 times to reduce uncertainty. During the tests, the humidity in the chamber was minimized to avoid any wetting on the surface of the coatings. Tests were performed so that the droplet was disturbed as little as possible to prevent crystallization. Figure 7 shows the static contact angle, θ meas , for the various hydrophobic coatings evaluated. It was approximately 140 • for each coating and the change in the angle was less than 2.2 • , well within uncertainty bounds. As shown in Equation (5), the contact angle is a product of the properties of the interface between the liquid and the solid surface and is governed by ambient pressure and molecular forces due to their impact on the work of adhesion. The contact angle does not appear to be at all impacted by the number or size of interfaces between the coating and the droplet surfaces and remains unaffected by changes in the PTFE particle size.
Results and Discussion

Static-Evaluation Results: Contact Angle under Supercooled Conditions
The temperature also has little to no impact on the contact angle, due to the fact that the range of temperatures studied (10 • C) is very small compared to the critical temperature of water, and accounts for less than a 2% change in the temperature dependent terms of Equations (4) and (5). While temperature does modify some of the water droplet properties, most of these changes manifest themselves in the viscosity, which does not play a role in a static test where the velocity of the fluid is negligible, as evidenced by the fact that the only fluid property that appears in Equation (5) is critical temperature. This does not mean that the hydrophobicity of the surface is not affected by temperature or particle size, only that it cannot be observed in a static test. Figure 8 shows the sliding angle, β, related to temperature for the various coatings tested. Temperature did have an impact on the results, with a decrease in temperature generally leading to an increase in the sliding angle. However, the coatings with larger particle sizes (10 and 20 µm) had much smaller sliding angles. The greatest decrease in sliding angle came between the 10 and 20 µm where the average contact angle decreased by a factor of a least 1.71, with a decrease of up to 2.4 at lower temperatures.
Dynamic-Evaluation Results: Sliding Angle under Supercooled Conditions
The sliding angle was changed much more drastically by PTFE particle size than contact angle, because it is a more direct measure of the force required to remove a water droplet from a surface, shown by the force term in Equation (6) . There are several forces acting on the water droplet including solid-liquid and liquid-gas interactions. Because the wetting conditions for PTFE coatings are assumed to be consistent with the Cassie-Baxter state, solid-liquid interactions, which are the main interactions which anchor the droplet to the surface, are only at the tops of the particles (Figure 2 ). For larger PTFE particle sizes, the area of the surface actually in contact with the droplet is greatly reduced, which leads to substantially less adhesive force keeping the droplet on the surface. As shown in Equations (1) and (2), an increase in the radius of the PTFE particle causes a decrease in n, and thus a decrease in the water contact ratio. The SEM microscope images also demonstrate this connection between particle size and area in contact with the droplet (Figure 5 ). The 1 µm is far smoother than the 20 µm coating, and may contain more exposed polymer, as well as much more area in contact with the water droplet. This increased area leads to a decrease in the hydrophobicity of the surface.
A decrease in temperature led to an increase in sliding angle for all particle sizes within uncertainty bounds. As in the static evaluation, temperature dependent terms in Equations (4) and (6) are small due to the high critical temperature of water. Because of this, changes in sliding angle must be due to other effects. An increase in the sliding angle may be due more to changes in droplet properties than changes in the interface. Because the viscosity of water increases with a decrease in temperature [19, 20] , a decrease in temperature would require an increase in the force required to deform the water and cause it to start rolling. While temperature has an impact on the measured sliding angle, it does not necessarily dramatically impact the hydrophobicity of the surface itself. As shown by Ruijter and others, there is a very weak relationship between the free energy of wetting and temperature [21] , and so it is unlikely that a change in hydrophobicity causes this change in sliding angle.
These findings are consistent with the idea that free energy of hydration increases with particle size, leading to more hydrophobic characteristics [22] . It is also consistent with the study performed by Caban-Nevarez and Perez which determined that a decrease in nanocrystalline talc particle size related to a decrease in hydrophobic characteristics [23] .
Conclusions
Both static and dynamic methods were used to test the effectiveness of hydrophobic coatings of various particle sizes, ranging from 1 to 20 µm in diameter. For the static method, neither temperature nor particle size had an impact on the measured contact angle of the coating. For the dynamic method, an increase in particle size corresponded to a decrease in the sliding angle. This can be attributed to the decreased interface between the coating surface and the droplet. Coatings with larger particle sizes are more hydrophobic under all conditions tested, from −10 to 0 • C. Specifically, coatings composed of particles with a 20 µm diameter had a sliding angle of less than 15 • , the lowest out of all the coatings tested. Temperature had much less of an effect on the hydrophobicity of the surface than PTFE particle size, due to the low impact temperature has on the surface tension at the liquid surface interface. While temperature does impact the sliding angle of the surface, this can mostly be attributed to the impact of temperature on water properties such as viscosity. PTFE particle size does not have any noticeable impact on the surface tension either, as evidenced by the lack of change in the contact angle, but an increase in PTFE particle size does dramatically decrease the total area of interaction between the fluid and the solid surface. This decrease in the area of interaction leads to a decrease in the energy required to remove a droplet, and thus an increase in the overall hydrophobicity of the surface.
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